it ill 


anaoBaH 


AD-A205  089  - 


REPORT  DOCUMENTATION  PAGE 

=rT7^ —  jib.  RESTRICTIVE  MARKINGS 


OTIC  Fit 


2tKv0ECLASSIFICATI0N  /  OOWNLjn** 


4.  PERFORMING  ORGANIZATION  R 


3S 

TIRTTI! 


r -ECTE 


t-SM  4 1988 


6a.  NAME  OF  PERFORMING  ORGANIZATION 
OPTRA,  Inc. 


6c.  ADDRESS  (City,  State,  and  ZIP  Code) 

66  Cherry  Hill  Drive 
Beverly,  MA  01915 


8a.  NAME  OF  FUNOING /SPONSORING 
ORGANIZATION 


6b  OFFICE  SYMBOL 
(If  applicable) 


8b.  OFFICE  SYMBOL 
(If  applicable) 


PROGRAM 
ELEMENT  NO. 


PROJECT 

NO. 


U.S.  Ann/  Strateqic  Cefaise  Oomand 


8c.  ADDRESS  (City.  State,  and  2!P  Code) 

P.O.  Box  1500 

Huntsville,  AL  35807-3801 


11.  TITLE  (Include  Security  Classification) 

Interferometric  Optical  Synchro  for  Alignment  Transfer 


12.  PERSONAL  AUTHOR(S) 

Herman  DeWeerd 


3.  DISTRIBUTION  / AVAILABILITY  OF  REPORT 


S.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


7a.  NAME  OF  MONITORING  ORGANIZATION 

U.S.  Army  Strategic  Defense  Command 


7b.  ADDRESS  (G'ty,  State,  and  ZIP  Code) 

P.O.  Box  1500 
Huntsville,  AL  35807-3801 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

DASG60-87-C-001 9 


10.  SOURCE  OF  FUNDING  NUMBERS 


WORK  UNIT 
ACCESSION  NO. 


13a.  TYPE  OF  REPORT 

FINAL 

13b.  TIME  COVERED 

FROM  81/02/21  TO  88/11/26 

14.  DATE  OF  REPORT  (Year,  Month,  Day) 

89/02/09 

15.  PAGE  COUNT 

60 

16.  SUPPLEMENTARY  NOTATION 

t 

_  ^  .  _  _  V 

; .  /  f  i 

1C  v  v'  j 

COSATI  COOES 


GROUP 


Yj  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number)  J 

Two  50  nanoradian  resolution  angle  transducers  were  built  employing  laser 
interferometric  techniques.  Each  encoder  was  provided  with  a  reference 
or  ‘rzero"'c"marker  which  employed  a  white  light  Michelson  interferometer. 

The  encoders  were  operated  and  the  performance  of  one  was  evaluated  in 
terms  of  the  performance  of  the  other  in  order  to  evaluate  the  suitability 
of  the  encoders  for  use  in  an  optical  synchro  system  for  alignment  transfer. 

The  specified  angular  resolution  of  100  nanorad  has  been  met  with  a 
performance  of  .43  nanorad  resolution  per  root/Hz  (10.5  nanorad  at  600  Hz). 
The  specification  that  requires  one  encoder  to  track  the  other  within 
100  nrad  has  been  met  by  demonstrating  that  the  second  encoder  will  return 
to  the  zero  reference  position  of  the  first  encoder  with  16  nrad  (rms)/96 
nrad  (  3#)  .  ~  ' ^  ^ 


20  DISTRIBUTION  /AVAILABILITY  OF  ABSTRACT 

□  UNCLASSIFIEDAJNLIMITED  □  SAME  AS  RPT.  □  OTIC  USERS 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL  22b.  TELEPHONE  (Include  Area  Code)  22c.  OFFICE  SYMBOL 

Phil  Williams  (205)  895-3054  CSSD-H-CRS _ 

DO  FORM  1473.  84  MAR  83  APR  edition  may  be  used  until  exhausted.  SECURITY  CLASSIFICATION  OF  THIS  PAGE 

All  other  editions  are  obsolete.  '  ~ 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


UNCLASSIFIED 


s 

S 


UCURITY  CLASSIFICATION  OF  THIS  FAOt 


ABSTRACT  ( con ' t ) 


The  encoders  have  been  built  as  a  self-contained  device  and  is  as  such 
transportable.  The  implementation  of  the  optical  design  is  robust  and 
we  conclude  that  the  encoder  design  is  ready  to  be  incorporated  in  a 
next  higher  level  system,  such  as  a  combination  of  a  reference  platform/ 


remote,  slaved  mirror.  ,  rjt, 


18.  SUBJECT  TERMS  ( con ' t ) 

Total  Dollar  Value  $468,165,  Competitive  Award 


\.  o 

■  !p  -i 


Accesion  for 

NTIS  CRA&! 
Due  Taj 
U  ••  ; 

J  .SStl?  .  I 

By  .  . 

Ui.  i 


fd 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PACE 


T 


t 


FINAL  REPORT 
(DRAFT) 

SUBMITTED  TO: 

DEPUTY  COMMANDER 

U.S.  ARMY  STRATEGIC  DEFENSE  COMMAND 
CONTR.  &  ACQ  MGT.  OFC ,  DASD-M-CRT 
P.O.  BOX  1500,  HUNTSVILLE,  AL  35807-3801 

CONTRACT  NO:  DASG60-87-C-0019 

INTERFEROMETRIC  OPTICAL  SYNCHRO  FOR  ALIGNMENT  TRANSFER 


SUBMITTED  BY: 

OPTRA ,  INC . 

66  CHERRY  HILL  DRIVE 
BEVERLY,  MA  01915 

PROGRAM  MANAGER:  HERMAN  DEWEERD 


"The  views,  opinions,  and/or  findings  contained  in  this  report 
are  those  of  the  author  (s)  and  should  not  be  construed  as  an 
official  Department  of  the  Army  position,  policy,  or  decision, 
unless  so  designated  by  other  official  documentation." 

"Further  dissemination  only  as  directed  by  the  U.S.  Army 
Strategic  Defense  Command,  ATTN:  DASD-H-MPL,  P.O.  Box  1500, 
Huntsville,  AL  35807-3801,  1  April  1985,  or  higher  DOD 
authority . " 


1 


89 


2 


Y 


* 


CERTIFICATION  OF  TECHNICAL  DATA  CONFORMITY  (OCT  1985) 

(DFARS  52.227-7036) 


The  Contractor,  OPTRA,  Inc.  hereby  certifies  that,  to  the  best  of 
its  knowledge  and  belief,  the  technical  data  delivered  herewith 


under  Contract  No.  DASG60-87-C-0019  is  complete,  accurate,  and 


complies  with  all  requirements  of  the 

Date 


James  R.  Engel,  President 


OPTRA,  Inc.  Cherry  Hill  Park  66  Cherry  Hill  Orive  Beverly,  MA  01 91 5- 1065  (508)921-2100  FAX  508-921-2055 


f 


TABLE  OF  CONTENTS 


PARA  TITLE  PAGE 

1  SUMMARY . 1 

2  CONCLUSIONS . 1 

3  PRINCIPLE  OF  OPERATION . 1 

4  SYSTEM  ANALYSIS . 5 

5  SYSTEM  DESCRIPTION . 7 

6  PERFORMANCE  EVALUATION . 25 

7  LESSONS  LEARNED . 26 

APPENDICES 

APPENDIX  A:  RADIOMETRIC  ANALYSIS . Al 

APPENDIX  B:  VIBRATION  ANALYSIS . B1 

APPENDIX  C:  LASER  DESCRIPTION . Cl 

APPENDIX  D:  PHASEMETER  DESCRIPTION . D1 

APPENDIX  E:  TEST  DATA . El 


t 


1 .  SUMMARY . 

Two  50  nanoradian  resolution  angle  transducers  were  built 
employing  laser  interferometric  techniques.  Each  encoder  was 
provided  with  a  reference  or  "zero"  marker  which  employed  a  white 
light  Michelson  interferometer.  The  encoders  were  operated  and 
the  performance  of  one  was  evaluated  in  terms  of  the  performance 
of  the  other  in  order  to  evaluate  the  suitability  of  the  encoders 
for  use  in  an  optical  synchro  system  for  alignment  transfer. 


2.  CONCLUSIONS. 

The  specified  angular  resolution  of  100  nanorad  has  been  met  with 
a  performance  of  .43  nanorad  resolution  per  root/Hz  (10.5  nanorad 
at  600  Hz).  The  specification  that  requires  one  encoder  to  track 
the  other  within  100  nrad  has  been  met  by  demonstrating  that  the 
second  encoder  will  return  to  the  zero  reference  position  of  the 
first  encoder  with  16  nrad  (rms)/96  nrad  (3o). 

The  encoders  have  been  built  as  a  self-contained  device  and  is  as 
such  transportable.  The  implementation  of  the  optical  design  is 
robust  and  we  conclude  that  the  encoder  design  is  ready  to  be 
incorporated  in  a  next  higher  level  system,  such  as  a  combination 
of  a  reference  platform/remote,  slaved  mirror. 


3.  PRINCIPLE  OF  OPERATION. 

3.1  Introduction.  The  angle  transducer  employs  a  Moire  based 
signal  modulation  for  the  angle  encoding  and  a  differing 
Michelson  interferometer  for  the  zero  pulse  generator.  The  Moire 
pattern  is  generated  by  a  traveling  pattern  of  laser  interference 
fringes  and  the  rulings  of  a  radial  grating.  The  latter  is 
configured  as  a  lateral  motion  sensor  located  at  a  certain  radius 
from  a  point  of  rotation  of  the  grating. 

3.2  Principle  of  the  Measurement  of  the  Angular  Motion. 

3.2.1  Interferometric  Detection  of  Lateral  Motion.  Figure  3.1 
shows  the  layout  for  interf erometrically  detecting  lateral 
motion.  Two  laser  beams,  derived  from  the  same  laser,  are 
incident  at  an  angle  ©  at  a  point  P  on  a  diffracting  surface.  In 
the  region  in  which  the  two  beams  overlap,  an  interference  fringe 
pattern  is  formed  as  shown.  The  fringe  spacing  d  is  given  by: 

(3.1)  d  =  w/2sinO, 

where  w  is  the  wavelength  of  the  laser.  When  the  surface  moves, 
the  grating  rulings  on  its  surface  pass  through  the  spatially 
modulated  intensity  pattern  and  produce  a  temporally  modulated 
scattered  intensity  with  a  frequency  f: 
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(3.2)  f  =  v/d  =  2v  (sin0)/w, 

where  v  is  the  velocity  component  in  the  plane  of  the  surface  and 
perpendicular  to  the  interference  fringes.  By  detecting  this 
intensity  modulation  the  lateral  velocity  of  the  surface  can  be 
monitored;  its  displacement  can  be  arrived  at  by  integrating  the 
velocity  (dx  =  vdt) . 

The  scenario  described  above  suffers  from  two  defects.  In 
particular,  low  frequency  intensity  modulations  of  the  laser — or 
of  the  detector  current— can  be  misinterpreted  as  surface 
displacements,  and  the  method  cannot  sense  the  sign  of  the 
motion.  Both  os  these  difficulties  can  be  overcome  by  using  a  2- 
frequency  laser.  The  output  from  a  2-frequency  HeNe  OPTRALITE™ 
laser  is  comprised  of  two  superimposed  beams  which  are 
orthogonally  polarized,  and  which  differ  in  frequency  by  250  KHz. 

Figure  3.1  shows  the  arrangement  for  detecting  lateral  motion 
with  a  2-frequency  laser.  The  two  frequency  components  are 
separated  with  a  polarizing  beamsplitter  (not  shown) ,  and  are 
superposed  on  the  surface.  An  interference  fringe  pattern  is 
formed  in  the  region  of  beam  overlap  and,  because  of  the 
frequency  difference  between  the  two  laser  beams,  the  fringes  are 
not  stationary;  they  move  in  a  direction  normal  to  the  fringes 
and  pass  by  fixed  points  on  the  surface  at  a  frequency  fd  =  f2- 
fi ,  where  f2  and  fi  are  the  frequencies  of  the  two  laser  beams 
(the  fringes  move  toward  the  laser  beam  with  the  lower 
frequency) . 

When  the  surface  is  stationary  the  diffracted  light  is  modulated 
at  the  laser  difference  frequency.  When  the  surface  moves,  the 
modulation  frequency  of  the  diffracted  light  is  shifted  due  to 
the  motion  of  the  surface: 

(3.3)  f  =  fd  ±  (2v (sinO) ) /w, 

where  the  sign  on  the  right  side  of  the  equation  depends  on 
whether  the  surface  is  moving  against  or  with  the  fringe  motion. 

The  advantages  of  this  approach  are;  (1)  the  direction  of  motion 
is  unambiguously  sensed;  and  (2)  all  of  the  detected  frequencies 
are  in  the  vicinity  of  the  laser  difference  frequency;  low 
frequency  laser  intensity  fluctuations  are  thus  virtually 
eliminated  as  a  source  of  noise  in  the  measurement.  Moreover, 
the  motion  of  the  surface  can  be  easily  monitored  by  detecting 
the  phase  difference  between  the  laser  difference  frequency 
(detected  at  the  rear  of  the  laser)  and  the  detected  modulation 
of  the  light  diffracted  by  the  surface.  For  each  distance  d 
(d=w/2sinO)  the  surface  moves,  this  phase  difference  is 
incremented  (or  decremented)  by  1  full  cycle.  That  is: 

(3.4)  n  =  x/d , 
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STATIONARY  POINT 
WITH  FREQUENCY 
Fd  =  F2-F1 

©  VERTICALLY  POLARIZED 
<->  HORIZONTALLY  POLARIZED 


Fig.  3-1 

H>e  interference  fringes  are  created  in  the  area 
where  the  two  laser  teams  intersect.  '' 
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where  n  is  the  total  number  of  cycles  and  x  is  the  total 
displacement.  The  system  employed  an  OPTRA  designed  phase  meter 
which  has  a  dynamic  range  limited  only  by  the  choice  of 
electronic  components,  is  capable  of  easily  resolving  better  than 
0.001  cycle,  and  has  a  measurement  bandwidth  in  excess  of  20  KHz. 

3.2.2  Measurement  of  Angular  Motion.  In  order  to  infer  an 
angular  velocity  from  a  measurement  of  transverse  displacement, 
it  is  only  necessary  to  know  the  displacement  of  the  point  of 
measurement  from  the  axis  of  rotation.  The  tangential  velocity 
of  the  grating  surface  at  the  point  of  measurement  is  R(dA/dt), 
where  dA/dt  is  the  angular  velocity  of  the  shaft  (radians/sec) . 
Using  this  information  in  combination  with  equations  (3.1)  and 

(3.4)  gives  a  relationship  between  the  detected  phase  difference 
(between  the  diffracted  signal  and  a  static  reference)  and  the 
angle  A  through  which  the  shaft  has  rotated  and  is  given  by: 

(3.5)  phase  difference  =  AR/d  =  2ARsin©/w, 

where  A  is  measured  in  radians  and  the  phase  difference  is 
measured  in  cycles.  For  the  22.33  degree  angle  of  incidence  and 
a  13  cm  grating  radius,  the  fringe  spacing  is  0.833  MM. 

It  is  at  this  point  not  possible  to  distinguish  between  angular 
rotation  and  small  lateral  (tangential)  motions  of  the  grating. 

In  order  to  eliminate  the  sensitivity  to  translation,  a  second 
interferometer  is  required  on  the  opposite  side  of  the  shaft  from 
the  first.  The  optical  path  is  arranged  so  that  the  same  optical 
frequency  is  transmitted  by  the  beamsplitter  on  both  sides.  The 
phase  of  the  signal  from  each  interferometer  will  shift 
identically  with  any  lateral  movement  of  the  shaft.  However,  a 
rotation  of  the  shaft  causes  the  signal  phases  to  change  in 
opposite  directions.  Hence,  if  the  phase  difference  between 
these  two  interferometer  signals  is  monitored,  the  phasemeter 
output  will  represent  pure  rotation,  independent  of  small 
translations  of  the  shaft.  Furthermore,  the  detected  light 
modulation  is  no  longer  referenced  to  the  laser  difference 
frequency,  but  the  modulations  on  the  two  interferometers  are 
intra-ref erenced ,  thus  doubling  the  angular  resolution  in  the 
process . 

The  phase  change  of  one  interferometer  signal  is  represented  by 
equation  (3.5);  the  phase  change  from  the  second  interferometer 
signal  (also  with  respect  to  a  static  reference)  is  given  by: 

(3.6)  phase  change  =  -2ARsinO/w, 

and  the  phase  difference  between  the  two  interferometer  signals 
as  measured  by  the  phasemeter  is: 

(3.7)  phase  difference  =  4ARsinO/w. 
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3.3  Principle  of  Generating  the  Zero  Position  Signal.  The  zero 
marker  design  employs  the  classical  Michelson  interferometer  with 
the  moving  reflector  attached  to  the  edge  of  the  encoder  disk. 
Each  mirror  is  mounted  on  a  piezo-electric  driver. 

The  signal  from  the  white  light  fringe  is  differentiated  by 
dithering  the  interferometer  mirrors  which  are  mounted  on  the 
piezo  actuators.  This  generates  an  AC  signal  which  is  either  in 
phase  or  180°  out  of  phase  with  the  dithering  frequency,  except 
at  zero  path  difference.  By  synchronously  detecting  the  AC 
component,  referenced  to  the  dithering  frequency,  a  DC  voltage 
proportional  to  the  slope  of  the  white  light  fringe  is  generated. 
The  zero  reference  position  of  the  encoder  disk  is  sharply 
defined  at  the  point  where  the  slope  crosses  the  zero  volt 
coordinate . 


4.  SYSTEM  ANALYSIS. 

The  system  design  is  modeled  as  shown  in  table  4-1.  The  results 
of  the  system  analysis  were  as  follows: 

LSBerror  =  16  Nanoradians 

Signal*ERROR  =  0.262  Nanoradians  (14.9  mW  signal) 
Ref*ERR0R  =  0.748  Nanoradians  (1.83  mW  signal) 

TOTAL  SIGNAL  =V ( 1 6 )  2  +  (.262)  2  =  16 

ERROR 

TOTAL  REF  =^V<  16 ) 2  +  (.748)2  =  16 

ERROR 

TOTAL  ERROR  =  ’1/(REF)2  +  (SIGNAL)2 
=  y  ( 16 ) 2  +  ( 16 ) 2 

TOTAL  ERROR  =  22.6  Nanoradians 

The  detailed  analysis  is  given  in  Appendix  A. 


1  MHz  measurement  bandwidth. 
256  sample  average. 

50%  modulation  efficiency. 
Shot-noise  limited. 
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LATERAL  MOTION  METROLOGY  WITH  REFLECTIVE  GRATING 


Table  4-I 
System  model 
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5. 


SYSTEM  DESCRIPTION. 


The  system  consists  of  three  major  assemblies,  namely  the  sensor 
head,  containing  the  two  shaft  encoder  opto-mechanical  units,  the 
two  OPTRAMETER™  phasemeters,  and  the  control  display  electronics 
unit.  (See  system  block  t"  ee  figure  5-1) 

5.1  Sensor  Head.  The  conceptual  opto-mechanical  design  of  the 
encoder  heads  was  directly  affected  by  the  specification  to 
"demonstrate  that  one  encoder  can  track  the  other  within  100 
nrad" .  With  the  performance  of  the  transducers  being  initially 
unknown,  it  was  necessary  to  rotate  the  shaft  of  each  encoder  by 
a  known  angle  to  a  resolution  of  less  than  100  nrad.  There  are 
two  potential  ways  in  which  to  do  this,  namely  to  employ  an 
alternate  set  of  calibrated  encoders  or  to  couple  the  two  shafts 
mechanically  to  each  other.  The  former  option  is  not  available 
for  obvious  reasons.  The  most  practical  way  to  implement  the 
latter  is  to  build  the  two  encoders  on  a  common  shaft. 

The  sensor  head  therefore  consists  of  a  frame  (box,  see  Figure 
5-1)  which  supports  a  spindle  assembly  comprised  of  a  shaft, 
two  encoder  disks,  two  pairs  of  reading  head  laser 
interferometers,  and  a  zero  marker  white  light  interferometer  for 
the  master  disk. 

5.1.1  Optical  Diagram.  The  optical  diagram  shown  in  Figure  5-2 
is  identical  for  both  encoders.  The  diagram  is  characterized  by 
its  simplicity;  it  lends  itself  to  be  packaged  as  a  rugged, 
interchangeable  module. 

5.1.2  Mechanical  Design.  With  increasing  resolution  in  rotation 
and  other  sensors,  perturbations  caused  by  thermal  and  vibration 
effects  increasingly  adversely  affect  the  capability  to  perform 
the  high  resolution  measurement.  Considerable  attention  was 
therefore  paid  to  analyzing  these  effects  so  that  the  theoretical 
optical  resolution  would  not  be  lost. 

5. 1.2.1  Thermal  Design.  Differential  temperatures  in  the 
encoder  head  assembly  may  effect  system  performance  in  three 
ways,  namely  de-focus,  and  radial  and  tangential  shifts  between 
the  reading  heads  and  the  disks . 

The  depth  of  focus  of  the  reading  head  is  ,433mm  (0.17");  this  is 
a  rather  large  number  in  light  of  the  giv an  thermal  stability  and 
thermal  effects  on  focus  will  not  be  analyzed. 

A  differential  tangential  shift  will  cause  a  false  rotation  read¬ 
out.  It  is  difficult  to  conceive  how  a  differential  tangential 
shift  will  develop  because  of  the  symmetrical  nature  of  the 
layout.  Although  the  performance  of  the  system  is  linearly 
sensitive  to  tangential  shift  (a  0.2  micro  inch  differential 
shift  corresponds  to  50  nanorai) ,  the  thermal  effect  on 
tangential  shift  will  not  be  analyzed. 
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System  block  tree 
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FIGURE 


A  radial  shift  of  the  reading  head  with  respect  to  the  disk  will 
change  the  number  of  working  grating  lines  per  nun  and  will  have 
an  effect  on  the  transfer  function  of  the  system  and  on  the 
modulation  efficiency.  The  thermal  effect  on  the  transfer 
function  and  the  modulation  efficiency  are  analyzed  below. 

Such  a  shift  would  be  caused,  if  heat  would  enter  the  frame  from 
the  front  (or  back)  causing  the  front  to  expand  away  from  the 
shaft,  while  the  disk  would  lag.  The  effects  of  heat  on  the 
system  transfer  function  and  modulation  efficiency  are  as 
follows : 

A.  THERMAL  EFFECT  ON  TRANSFER  FUNCTION. 

The  sensitivity  of  the  angular  accuracy  to  change  in  the  working 
radius  is  50  nanorad/. 22  microinch  over  a  5°  angle  of  rotation. 

The  CTE  of  Invar  is  given  as  (.96  tO  1.08)  x  10~6/°C.  A.051°C 

temperature  rise  in  the  front  half  of  the  frame  will  cause  a 
beam-across-disk  shift  of  .22  microinch. 

Such  a  rise  in  temperature  requires  .347  BTU.  The  sensitivity  of 
the  angular  accuracy  to  temperature  is:  50  nanorad/ . 051 °C  and  to 
heat:  50  nanorad/. 347  BTU. 

B.  THERMAL  EFFECT  ON  MODULATION  EFFICIENCY. 

The  sensitivity  of  the  modulation  efficiency  to  changes  in  the 
dimension  of  the  working  radius  (number  of  lines/mm)  is  such  that 
the  m.e.  will  be  50%  when  the  beam  spot  has  shifted  .0018". 

These  numbers  above  show  that  the  subject  transducers  are  quite 
sensitive  to  sources  of  heat  as  small  as  that  of  a  human  body. 

The  sensor  head  will  therefore  be  enclosed  by  a  thermal  shroud  to 
shield  it  from  short  term  thermal  transients  that  may  present 
themselves  in  the  experiment's  room.  We  are  striving  here  for 
thermal  stability  only,  not  operation  at  a  certain  temperature; 
active  thermo-statted  temperature  control  is  necessary.  And 
finally,  the  frame  of  the  head  will  be  constructed  out  of  Invar, 
because  its  CTE  is  approximately  6  times  smaller  than  that  of 
aluminum,  thus  making  a  thermally  more  stable  structure. 

5. 1.2. 2  Vibration  Analysis.  The  sensor  head  was  installed  on  a 
MICRO--G  air  table.  The  source  of  the  vibration  is  the  floor  of 
the  room. 

Ground  motion  is  essentially  random.  Hence,  each  leg  of  the 
table  is  subjected  to  a  random  vibration  input  which  results  in 
non-uniform  or  angular  rotation  of  the  table.  For  the  purpose  of 
the  analysis,  the  ground  is  idealized  as  a  harmonic  input  having 
a  uniform  lateral  ({)  and  rotational  component  (o) . 

The  optical  synchro  is  more  sensitive  to  the  angular  component 
than  the  uniform  component  of  the  idealized  ground  motion.  Note 
that  an  angular  ground  rotation  of  1  arc  sec  (5  micro  radians) 
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will  produce  an  error  of  0.1  micro  inch.  The  uniform  horizontal 
component  results  in  an  error  only  if  the  shaft/disk  assembly 
and/or  the  isolation  system  is  unbalanced.  For  ground  motions  in 
the  order  of  0.1  mils  a  shaft  unbalance  of  nearly  0.2  inches 
would  result  in  an  error  of  0.1  micro  inches. 

5. 1.2. 3  Mechanical  Configuration.  The  concept  of  the  angle 
encoding  sensor  consists  in  employing  an  8"  diameter  disk  which 
is  encoded  with  a  radial  grating  and  projecting  onto  the  grating 
at  two  places  180°  apart  a  moving  fringe  pattern  which  is 
generated  by  two  optical  heads  fed  by  an  OPTRALITE  two-frequency 
laser  (see  Appendix  C) .  Upon  rotation  of  the  disk,  the  reflected 
optical  signal  will  be  modulated  and  is  sensed  by  detectors  and 
processed  in  phasemeters  and  data  handling  electronics  to  yield 
the  angle  over  which  the  disk  has  rotated.  A  separate  white 
light  interferometer  is  included  to  sense  the  reference  or  null 
position  of  the  disk.  The  layout  of  this  interferometer  is  shown 
in  Figure  5-3. 

In  the  electro-optical  system  design,  the  phase  shift  in  the 
signal  from  one  optical  head  is  compared  with  that  of  the  other 
head,  thus  doubling  the  angular  resolution  and  rendering  the 
system  insensitive  to  translation  of  the  disk  with  respect  to  the 
heads.  The  two  heads  are  therefore  fed  by  a  single  laser  source. 
The  beam  is  split  50-50  and  subtended  to  the  interferometer  in 
each  head.  The  layout  of  the  optical  heads  is  shown  in  Figure 
5-4. 

The  encoded  disk  is  attached  to  a  hub  which  is  mounted  on  a  shaft 
via  a  clamp  and  radial  position  adjustments  (see  Figure  5-5);  the 
latter  will  enable  us  to  center  the  disk  on  the  axis  of  rotation 
of  the  shaft.  Figure  5-5  shows  the  two  disks  mounted  to  a  common 
shaft.  The  disks  (see  Figure  5-6)  were  procured  from  Hyperfine, 
Inc.,  in  Boulder,  Colorado. 

The  shaft/disk  assembly,  the  2x2=4  optical  heads,  and  the 
white  light  interferometer  are  attached  to  an  Invar  frame  (see 
Figure  5-7).  The  frame  is  enclosed  in  a  isothermal  box,  to 
prevent  environmentally  induced  thermal  transients  from  reaching 
the  sensor  head;  it  is  mounted  on  a  vibration  isolated  table,  to 
prevent  ground  vibrations  from  reaching  the  sensor  head. 

The  means  by  which  the  shaft  is  rotated  and  held  in  place  merits 
careful  attention.  An  improperly  fixed  shaft  may  give  rise  to 
false  readings.  The  shaft  itself  is  supported  by  two  balls  in 
order  to  attain  true  rotation  around  a  center  line.  The  shaft  is 
coupled  via  a  five  degree-of -freedom  coupling  to  a  fine-advance 
arm,  which  also  acts  as  the  clamped  arm  in  the  hold  mode  (see 
Figure  5-8).  The  fine-advance  arm  is  driven  by  a  piezo  electric 
driver,  which  is  anchored  to  a  coarse-advance  arm;  the  latter  is 
in  turn  driven  by  a  high  precision  micrometer  head. 
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FIGURE  5-7 


SENSOR  HEAD  LAYOUT 


5.2  Phasemeter.  Each  transducer  employs  a  standard  OPTRAMETER™ 
phasemeter  to  detect  and  accumulate  the  fringes  and  to  measure 
and  display  the  fringe  phase.  The  phasemeter  is  described  in 
Appendix  D. 

5.3  Control  and  Display  Electronics  Unit.  The  Optical  Synchro 
Electronics  consists  of  standard  and  custom  designed  assemblies 
that  display  the  angular  position  of  2  encoders,  controls  the 
white  light  interferometer,  generates  zero  marks  and  stores  and 
displays  the  angular  position  of  both  encoders  when  a  zero  mark 
is  generated.  Figure  5-9  is  a  block  diagram  of  the  Optical 
Synchro  Electronics. 

5.3.1  Detector  Assemblies.  The  angular  position  of  each  encoder 
is  determined  by  a  standard  OPTRAMETER™  and  detector  assemblies. 
The  inputs  to  the  detector  assemblies  are  the  optical  signals 
from  the  encoder  coupled  through  fiber  optics.  The  outputs  of 
the  detector  assemblies  are  nominal  250  kHz  sine  waves.  The 
detector  assembly  characteristics  an: 

gain  3  x  106  volt/watts 

bandwidth  25  kHz  to  1MHZ 

N.E.P.  5  x  10-™  watt/  (Hz ) 1 /2 

Nominal  modulated  input  signals  from  the  encoders  are  1  microwatt 
P-P  (or  mW  pp) . 

5.3.2  Display  Electronics.  The  Display  Electronics  consist  of 
mode  select  logic  circuits  and  latched  displays  which  store  and 
display  the  2  OPTRAMETER  outputs  when  the  white  light 
interferometer  generates  a  zero  mark.  The  logic  circuits  are 
controlled  by  pushbuttons  on  the  Control/Display  unit  front 
panel.  The  pushbuttons  enable  the  storage  circuits.  When  a  zero 
mark  occurs  the  2  OPTRAMETER  outputs  (±  9.999  fringes)  are 
stored.  Front  panel  LEDS  indicate  the  circuits  status  (enabled, 
data  stored) . 

5.3.3  White  Light  Interferometer  Electronics.  The  white  light 
interferometer  electronics  include  all  circuits  required  to 
generate  a  zero  mark,  when  the  encoder  position  is  at  the  white 
light  interferometer  zero  path  difference  (  see  Figure  5-10, 
block  diagram) .  The  basic  approach  used  is  to  differentiate  the 
white  light  fringe  (see  Figure  5-11)  detected  by  a  germanium 
detector  and  transimpendance  amplifier,  and  detect  when  the 
differentiated  fringe  is  at  zero  which  occurs  when  the 
interferometer  is  at  its  zero  path  difference.  A  window 
comparator  is  used  to  detect  the  zero  condition.  When  the  window 
comparator  zero  conditions  are  met  and  the  DC  signal  from  the 
transimpendance  amplifier  is  at  a  maximum  one  millisecond  pulse 
is  generated  by  a  one-shot  which  is  the  zero  mark. 


20 


pioua/H- 


Both  traces 
Y:  400mv/DIV 


i . 44  volts 


-Interferogram 


.^Differentiated 

interferogram 


Fig.  5-11 

Zero  mark  interferometer  signals 
Note  that  the  maximum  fringe  is  the  black  fringe 
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5.3.4  Piezo  Drive.  The  encoders  are  moved  via  a  lever  arm  on 
which  is  mounted  a  piezo  actuator.  Fine  control  of  the  encoder 
position  is  realized  by  driving  the  piezo  actuator  with  a 
variable  DC  voltage  ranging  from  0  to  -1000  VDC .  The  Servo 
Control  Circuit  provides  a  10  turn  potentiometer  which  adjusts  a 
high  voltage  supply  from  0  to  -1000  VDC. 


6.0  PERFORMANCE  EVALUATION. 

The  performance  was  evaluated  for  two  parameters,  namely  the 
angular  resolution  and  the  accuracy  with  which  the  slave 
transducer  would  return  to  the  zero  position  as  defined  by  the 
master  transducer. 


6.1  Resolution.  In  order  to  be  able  to  demonstrate  that  the 
slave  would  be  able  to  follow  the  master  to  within  100  nrad,  it 
was  necessary  to  design  and  build  each  transducer  with  a 
resolution  of  less  than  50  nrad.  As  no  suitable  test  facility 
was  available  against  which  to  determine  the  resolution,  this 
performance  parameter  is  derived  by  design: 

the  resolution  (x  =  d _ ,  where 

R  x  N  x  2 


d  =  fringe  spacing  =  1/2  sin©  =  633/2  sin  22.33° 
R  =  working  radius  of  the  encoder  disk 
N  =  bits/fringe 

2  =  the  result  of  two  reading  heads,  180°  apart 

[x  =  8.33  x  10-7 _ 

1.3  x  10-1  x  256  x  2  =  12.5  nrad 


The  transducers  were  designed  for  a  resolution  substantially  less 
than  50  nrad,  because  we  were  striving  for  3o  performance  in  the 
tracking  test. 

6.2  Tracking  Test.  In  the  tracking  test,  both  master  and  slave 
were  driven  through  the  master-zero  position  and  the  bit  count  of 
each  transducer  was  strobed  at  that  position  and  recorded.  Both 
disks  were  than  rotated  over  an  arbitrary  angle,  the  bit  count 
was  noted  at  the  stop  position,  and  the  disks  were  returned  to 
the  master-zero  position  where  the  bit  count  was  again  strobed 
and  recorded.  The  following  data  that  was  collected  is  shown  in 
Appendix  E. 


The  average  zero  position  error  is: 


for  the  master  transducer:  1.25/46  = 
for  the  slave  transducer:  1.43/46  = 

The  error  between  master 
and  slave  tracking  is: 

The  system  seale  factor  is  4  nrad  = 
The  tracking  error  is  16  nrad  (lo)  or 


+.027  bits 
+.031  bits 

.004  bits 
.001  bit  i . e . 
96  nrad  (3o) 
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7.0  LESSONS  LEARNED. 

Below  follows  an  evaluation  of  a  number  of  aspects  of  the  design 
in  terms  of  actual  performance.  It  is  noted  that  the  negative 
lessons  (paragraph  7.2,  7.3,  and  7.4)  are  peripheral  issues  that 
do  not  affect  the  actual  sub  100  nrad  metrology. 

7.1  The  Metrology  Concept. 

The  concept  of  employing  a  laser  interferometer  generated  fringe 
pattern  in  conjunction  with  a  radially  ruled  grating  to  resolve 
rotation  of  less  than  100  nrad  has  proven  to  be  entirely  sound 
and  practical.  The  concept,  reduced  to  hardware,  yielded  a 
robust  system  that  is  ready  to  be  incorporated  in  a  next  higher 
level  system  in  the  field. 

The  concept  of  employing  a  Michelson  interferometer  too, 
including  the  diffracted  mirrors  has  proven  to  be  practical  and 
the  hardware  functioned  well. 

7.2  Fiber  Optic  Links.  The  optical  output  of  each  of  the  four 
laser  interferometers  was  collected  by  a  multi-strand  optical 
fiber  cable  and  conducted  to  the  respective  detector-preamp  units 
in  the  phasemeters.  These  fiber  optic  links  performed 
satisfactorily . 

The  design  incorporated  originally  a  single  mode  fiber  between 
the  two  lasers  and  the  two  transducers.  These  fibers  were  built, 
but  we  were  unable  to  obtain  a  satisfactory  performance  (i.e. 
polarity  crosstalk  free)  within  the  budget  and  schedule 
constraints.  As  this  problem  has  been  solved  in  several  places 
elsewhere,  it  is  not  a  problem  that  cannot  be  fundamentally 
overcome . 

7.3  Shaft  Drive.  The  hand  operated  micrometer  drive  proved  as 
convenient  to  operate  as  the  piezo  drive  was,  attaining  the  same 
finesse,  therefore,  we  did  not  use  the  piezo  drive  except  at  the 
initial  stages  of  the  testing  effort. 

The  drive  showed  noticeable  hysterisis  indicating  that  more 
attention  should  have  been  paid  to  the  drive  mechanism  of  the 
spindle.  We  particularly  suspect  the  bellows  coupling  between 
the  drive  shaft  and  the  disk  spindle  to  be  a  major  contribution 
to  this  problem. 

7.4  Signal  Jitter.  It  was  not  feasible  to  fix  the  disk/reading 
head  system  such  that  the  display  showed  no  rotation.  Rather, 
the  display  showed  a  constant  jitter,  indicating  that  even  with 
the  drive  brake  activated,  the  system  was  not  truly  fixed.  This 
is  not  a  trivial  problem  and  it  is  not  surprising  that  we  had  to 
cope  with  it  in  light  of  the  limited  scope  of  the  encoder. 
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APPENDIX  A  RADIOMETRIC  ANALYSIS 


The  radiometric  analysis  reveals  that  there  is  plenty  of  light  in 
the  Optical  Synchro  design.  The  analysis  reveals  that  system 
resolution  is  limited  by  the  number  of  bits  used  per  fringe 
(128).  I  recommend  increasing  to  256  bits  per  fringe. 

Last,  it  is  important  that  the  bandwidth  of  the  electronics  be 
reduced  to  8.5  kHz  and  that  you  really  do  average  250  samples  per 
measurement.  Otherwise  this  analysis  will  be  invalid,  and  you 
will  no  longer  have  an  abundance  of  light. 


OPTICAL  SYNCHRO  RADIOMETRIC  ANALYSIS 
This  report  is  organized  into  the  following  sections: 

1.  Determination  of  Key  Variables 

2.  Optical  Schematic 

3.  Tabulation  of  Component  Efficiencies  (Signal  Path) 

4.  Analysis  (Signal  Path) 

5.  Tabulation  of  Component  Efficiencies  (Reference  Path) 

6.  Analysis  (Reference  Path) 

7.  Fringe  Counting  Analysis 


DETERMINATION  OF  KEY  VARIABLES: 

■  Maximum  velocity:  2  radians/minute 

■  Grating:  600  lines/millimeter 

■  Radius:  4  inches  =  101.6  mm 

■  Doppler  shift: 

2  RAD  •  2~  (101.6mm)  •  600  Lines  •  MIN  =  2032  Lines 

MIN  2'  Radians  MM  60  SEC  Sec 


2.03  kHz 

■  Total  Doppler  Shift:  4.06  V  1/2 

■  Preamp  Noise  Bandwidth:  8.5  kHz 

■  Detector/Preamp  Noise  =  3 . 3  x  10-13 

■  Update  Rate:  1  kHz 

■  Number  of  samples  per  measurement  (N) : 

250  kHz 
1  KHz 

=  250 

■  Fringe  Radians  vs.  Shaft  Radians: 


A 1 


2~  Shaft  Radians 
2'  (101.6  MM) 


MM 

600  Fringes 


2"  Fringe 
Radians 


2.61  x  10=^-  Shaft  Radians 
1  Fringe  Radians 


3.  TABULATION  OF  COMPONENT  EFFICIENCIES  (SIGNAL  PATH) 


COMPONENT 

EFFIC 

CUM  EFF 

Optralite 

Cube  B . S . 

.  40 

Coupling  into  Fiber 

.70 

.28 

Connector 

.70 

.196 

Selfog  Lens 

.  95 

.186 

BS  { .95  x  .90) 

.855 

.159 

Spot  Lens 

.95 

.151 

Calcite  Crystal 

.95 

.144 

Half  Wave  Plate 

.95 

.136 

HR  Mirror 

.90 

.123 

Diffraction  Grating 

.25 

.0307 

HR  Mirror 

.90 

.0276 

Focusing  Lens 

.95 

.0263 

Coupling  to  Fiber 

.70 

.0184 

Along  Fiber 

.90 

.0165 

Out  of  Fiber 

.90 

.0149 

LASER  POWER  =  1  X  10’3  W 
Ws  P-P  =  (1  X  10-3  W)  (.0149) 
Ws  P-P  =  1.49  X  10-5  W 
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APPENDIX  B:  VIBRATION  ANALYSIS 


1.0  FUNDAMENTAL  FREQUENCY  OF  OPTICAL  SYNCHRO 

The  optical  synchro  has  a  torsional  resonance  at  29  HZ  in  which 
the  shaft/disks  assembly  rotates  relative  to  the  structural 
housing.  The  fundamental  frequency  is  primarily  controlled  by 
the  torsional  stiffness  of  the  bellows  and  the  mass  moment  of 
inertia  of  the  shaft/disk  assembly.  The  housing  may  be 
considered  rigid  relative  to  the  shaft/disk  assembly  since  all 
remaining  frequencies  are  significantly  higher  than  29  HZ. 


2.0  ISOLATION  SYSTEM 

The  optical  synchro  is  isolated  from  ground  motion  by  means  of  a 
MICRO-G  air-operated  vibration  isolator.  The  horizontal 
frequency  of  the  isolator  reported  by  the  manufacturer  is  4  HZ. 
Using  the  manufacturer's  recommended  minimum  of  (4  HZ);  the 
dynamic  characteristics  of  the  isolation  system  were  evaluated 
based  on  a  table  weight  of  150  lbs.  Adding  four  80  lb  weights  at 
the  corners  of  the  table  will  reduce  the  horizontal  frequency  to 
approximately  2  HZ .  No  attempt,  however,  was  made  to  evaluate 
the  effect  of  adding  the  four  weights  on  the  performance  of  the 
isolation  system,  and  the  table...* 


3.0  THE  DYNAMIC  MODEL 

A  two  degree  of  freedom  model  is  used  to  determine  the  dynamic 
response  of  the  system  to  ground  motion.  Degree  of  freedom  (1) 
represents  the  absolute  angular  rotation  of  the  disk.  Degree  of 
freedom  (2)  represents  the  absolute  rotation  of  the  housing. 
Because  the  synchro  housing  is  rigid  relative  to  the  shaft/disk 
assembly,  it  is  assumed  that  the  motion  of  the  housing  is 
identical  to  that  of  the  table.  The  error  is  the  relative 
rotation  of  degree  of  freedom  (1)  with  respect  to  (2)  times 
radius  of  disk: 

Error  =  {(1)  -  0(2) I r 

*  The  rated  capacity  of  the  table  is  1400  lb.  Total  load  is 
150  +  320  +  95  =  465  lb. 


4.0  DYNAMIC  ANALYSIS 

The  natural  frequencies  of  the  assembly  are  1.9  HZ  and  29  HZ 
which  represent  the  isolation  system  and  shaft/disk  assembly 
respectively.  The  eigenvalues  and  eigenvectors  computed  for  each 
mode  indicate  that  the  isolation  system  is  working  effectively  to 
uncouple  the  dynamic  behavior  of  the  structure  from  the  ground 


B 1 


input.  For  a  ground  input  of  say  10  HZ  one  can  expect 
approximately  95%  isolation.  Hence  the  table  motion  will  be 
about  5%  of  the  ground  motion.  The  fact  that  the  1.9  HZ 
frequency  is  significantly  uncoupled  from  the  29  HZ  shaft/disk 
mode  indicates  that  no  amplification  will  occur  between  the  table 
and  the  shaft.  The  response  of  the  optical  synchro  should  not  be 
appreciably  different  from  ground  frequencies  ranging  from  5  to 
15  HZ.  Hence,  as  long  as  ground  frequencies  lie  within  these 
bounds,  one  need  only  worry  about  the  amplitude  of  ground  motion. 


5.0  DETAIL  CALCULATION. 

The  following  pages  show  the  detailed  calculations  of  the 
analysis.  The  results  are  presented  in  the  form  of  a  graph  (see 
Figure  5-2)  where  the  absolute  angular  ground  motion  is  plotted 
as  the  ordinate  and  the  absolute  horizontal  ground  motion  as  the 
abscissa.  An  error  of  0.1  micro-inch  is  represented  by  a  solid 
straight  line  which  connects  the  maximum  allowable  angular  ground 
rotation  (radians)  with  the  maximum  allowable  horizontal  ground 
motion.  Since  the  idealized  ground  motion  can  be  represented  as 
a  linear  combination  of  an  angular  rotation  and  a  uniform 
horizontal  displacement,  the  graph  can  be  used  to  evaluate  the 
expected  behavior  of  the  optical  synchro. 
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OPTRALITE"  2-FREQUENCY  LASER 


Product  Highlights 

•  2-Frequency  Output. 

•  Highly  Stabilized  Optical  Frequency. 

•  Small,  Self-Contained  Unit. 

•  System  Compatible. 

•  High  Performance  -  Low  Cost. 


The  OPTRALITE™  laser  is  a  new,  high 
performance  component  designed  for 
use  in  critical  measuring  applications. 
This  HeNe  laser  delivers  a  stabilized, 
2-frequency  output  that  is  well  suited  for 
linear  metrology  and  other  measuring 
techniques.  Unique  design  features  pro¬ 
vide  the  user  with  the  following  product 
capabilities: 

2-Frequency  Output:  The  OPTRALITE 
laser  produces  a  collimated,  2-frequen- 
cy,  Zeeman-split  output  which  is  ideal 
for  interferometric  measurements.  The 
2-frequency  components  are  orthogonal¬ 
ly  polarized  (either  linear  or  circular 
polarizations),  and  when  made  to  in¬ 
terfere.  they  produce  a  beat  frequency  of 
precisely  250  Khz.  Similarly,  OPTRALITE 
can  be  easily  converted  to  a  single  fre¬ 
quency  stabilized  source.  An  in¬ 
terferometer,  coupled  with  a  2-frequency 
laser,  permits  the  user  to  make  extreme¬ 
ly  accurate  measurements  with  low 
noise  levels,  in  addition  to  resolving  the 
direction  of  movement  along  the 
measured  axis. 

Highly  Stabilized  Optical  Frequency: 

OPTRALITE's  highly  stabilized  optical 
frequency  increases  the  versatility  of  the 
laser  for  applications  utilizing  either  the 
single  frequency  or  the  2-frequency  out¬ 
put.  The  OPTRALITE  output  is  carefully 
stabilized  to  better  than  one  pad  in  107 
and  will  maintain  this  stability  through 
a  significant  range  of  environmental 
conditions. 


Small  Self-Contained  Unit:  OPTRA¬ 
LITE  is  completely  self-contained  in  one 
sturdy  enclosure  which  incorporates  all 
of  the  electrical  components.  A  built-in 
detector  located  at  the  front  of  the  laser 
permits  easy  monitoring  of  the  returning 
beam.  These  features  facilitate  integra¬ 
tion  into  larger  systems  as  well  as  hand¬ 
ling  by  the  end  user. 


System  Compatibility:  The  perfor¬ 
mance  characteristics  and  size  of 
OPTRALITE,  make  it  highly  compatible 
with  other  systems.  The  laser  can  be 
operated  manually  or  with  a  micropro¬ 
cessor.  Computer  compatible  outputs 
are  included  for  remote  controlled 
applications. 

High  Performance/Low  Cost:  Be 

cause  of  OPTRA'S  proprietary  design*, 
the  OPTRALITE  laser  is  able  lo  incorpor¬ 
ate  high  performance  characteristics  and 
versatile  product  features  in  a  com¬ 
paratively  low  cost  unit. 

See  OPTRALITE  specifications  on 
reverse  side. 

"Parent  applied  for. 


Back  panel  design  allows  easy  access  to 
controls  as  well  as  connections  lor  remote 
operation. 
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Specifications 


Laser  Type 


Laser  Wavelength 
Output  Polarization 


HeNe  2-Frequency,  Stabilized, 
Zeeman-Split  output 

632.8  nm 

Orthogonal  Linear  or 
Orthogonal  Circular" 


Beat  Frequency 


250.00  KHz 


Optical  Frequency  Stability  1  part  in  10' 


Output  Power 

Beam  Diameter 
Beam  Divergence 
Transverse  Mode 


1 .0  mw.  (2-Frequency  Mode) 

0.5  mw.  (Single  Frequency  Mode)" 

0.64  mm 

1 .27  mrad 

TEMoo 


Warm  Up  Time 
Power  Requirements 

Operating  Lifetime 
Working  Environment 

Electrical  Outputs 

Mounting 

Safety  Features 


<5  minutes 

115/220  VAC.  60/50  Hz 
40  VA  avg  (65  VA  peak) 

>  10,000  Hours 

Temp  0-40°C.  (32-l05°F) 

Rel  Hum  0-95%  (Non-condensing) 

Reference  Signals.  TTL 
Diagnostics 

V<  -20  UNC  (base) 

Rubber  pads  tor  bench  use 

Class  Ilia  Laser 

Meeis  NCDRH  requirements 

shutter,  remote  beam  on/oft 


’Aiiachments  Available 


DIMENSIONS 


CAUTION 


1/4-20  4  PLACES 
MAX  SCREW  0EPTH  .38  IN. 
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OPTRAMETER™  measurement  module 


Product  Highlights 

•  Permits  Precise  Quantitative 
Measurements 

•  Selectable  Features  For  Greater 
Versatility 

•  Several  Interfaces  For  Unique 
Measurement  Needs 

•  Practical  Design  For  Easy  Operation 

•  High  Performance/Low  Cost  Unit 


The  OPTRAMETER rM  Measurement 
Module  is  a  high  performance  cumulative 
phase  measuring  component  for  critical 
measurement  applications.  When  coupled 
with  the  OPTRALITE™  2-frequency  laser 
this  product  enables  the  user  to  make 
quantitative  interferometric  measure¬ 
ments.  The  primary  features  of  the 
OPTRAMETER  are  described  below: 

Permits  Precise  Quantitative  Mea¬ 
surements:  The  OPTRAMETER  Module 
compares  the  phase  angle  of  two  signal 
inputs  and  counts  each  passing  cycle  of 
phase  This  product  will  measure  one 
thousandth  of  a  cycle  of  phase.  When  in¬ 
tegrated  with  a  2-frequency  laser,  the 
OPTRAMETER  module  is  capable  of  re¬ 
solving  up  to  a  0.001  of  a  wavelength. 

This  permits  the  user  to  make  highly  ac¬ 
curate,  quantitative  measurements  for  a 
variety  of  interferometric  applications. 

Selectable  Features  For  Greater  Ver¬ 
satility:  OPTRAMETER  is  equipped  with  a 
number  of  selectable  features  for  greater 
versatility  and  a  variety  of  measurement 
needs.  Mode  selection  allows  the  user  to 
compare  incoming  signals  from  e<ternal 
detectors,  a  laser,  or  other  sources  The 
selectable  update  rate  provides  fast  data 
gathering  or  averaging  for  greater  preci¬ 
sion  An  indicator  monitors  signal  strength 
and  the  gain  feature  will  enhance  the  sig¬ 
nal  when  needed. 


Several  Interfaces  For  Unique  Mea¬ 
surement  Needs:  OPTRAMETER  will  in¬ 
terface  easily  with  a  host  computer  for 
unique  measurement  situations.  A  44  Bit 
parallel  BCD  interface  provides  the  user 
with  data  for  remote  processing. 
OPTRAMETER  is  also  equipped  with  a 
9600  Baud  RS232  output  for  interfacing 
with  a  desk  top  computer.  The  analog 
output  is  useful  for  monitoring  data  with 
an  oscilloscope,  a  waveform  analyzer,  or 
an  X-V  plotter. 


Front  panel  design  permits  easy  ac¬ 
cessibility  for  (unction  selection  and  a 
clear  view  of  the  display. 


Practical  Design  for  Easy  Operation. 

OPTRAMETER's  compact  design  facili¬ 
tates  easy  use  in  industrial  or  laboratory 
applications.  The  product  is  completely 
self-contained.  The  back  panel  provides 
an  easy  access  to  incoming  connections 
and  detector  configurations  for  a  variety 
of  measurement  needs.  The  1 1  digit. 

LED  display  allows  easy  viewing  of  data 
and  the  system  status. 

High  Performance/Low  Cost  Unit: 
Based  on  OPTRA'S  proprietary  modular 
design*  for  the  OPTRAMETER,  this  pro¬ 
duct  provides  high  performance  capability 
for  a  variety  of  interferometric  measure¬ 
ment  needs  at  a  reasonable  cost. 

Please  see  reverese  side  for  product 
specifications. 

‘Patent  applied  lor 

©[gY^ 
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Specifications 


Measurement  Accuracy 

Measurement  Range 
Input  Signal  Range 

Phase  Noise 

Phase  Drift 

Selectable  Update 
Gain  Control 
Parallel  Output 


<1x10°  Cycle  @  100  Hz. 

<1xl0-J  Cycle  @  1000  Hz 

0.001  to  10*  cycles 

lOOmV  to  10V  (peak  to  peak  at 
250KHZ.) 

<  3x1 0"J  cycles  @  25  KHz.  (peak  to 
peak) 

Short  Term:  <2x1 0'J  cycles  (1  min.) 
Long  Term:  <5x1 0‘3  cycles  (8  Hrs.) 

0.25.  2.5.  25,  250  Hz.  2.5.  25  KHz. 

1 X  or  1 0X  Manual  Selection 

44  Bit,  BCD  Format  plus  Sign,  TTL 
Compatible 


Serial  Output 
Analog  Output 

Display 

Instrument  Range 
Power  Requirements 


Environment 


RS232c,  ASCII  Format,  9600  BAUD 
±  10VDC 

Range:  ±  9.999  cycles 

1 1  Digit,  LED  with  status  indicators 

-99999999.999  to  +99999999.999 

115  VAC  @  60  Hz  25  VA  avg 
240  VAC  @  50  Hz.  (option) 

Temp;  +10°  C  to  +40°  C 
Humidity;  10%  to  95%  non¬ 
condensing 


Specifications  lor  250  KHz  inputs. 


Back  Panel 


FUSE  LASER  INPUT 


ANALOG 


OUTPUT 


A  MONITOR  B  MONITOR 


Dimensions 
Length  ol  Unit  —  1 3" 

Height  of  Unit  —  3.80" 
with  leet  (for  table  mount)  —  4  20" 

Width  of  Unit  —  9.50" 

Weight  of  Unit  —  8  lbs. 
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APPENDIX  E 

Slave-Tracking-Master  Data 


Master  Encoder 


Run 

No.  Start 

Angle 

Return 

Error 

1 

2.93 

320.60 

2.98 

+05 

2 

2.98 

329.60 

2.97 

-01 

3 

2.96 

322.50 

3.00 

+04 

4 

3.00 

344.67 

3.01 

+  01 

5 

2.95 

334.50 

3.02 

+07 

6 

2.96 

323.50 

2.99 

+03 

7 

2.99 

339.57 

2.99 

0 

8 

2.98 

322.70 

3.01 

+03 

9 

2.97 

322.16 

3.01 

+04 

10 

3.04 

323.60 

3.04 

0 

11 

3.02 

348.70 

3.07 

+05 

12 

3.00 

340.80 

3.04 

+04 

13 

3.00 

340.54 

3.03 

+03 

14 

2.98 

326.65 

3.02 

+04 

15 

3.01 

314.65 

3.01 

0 

16 

3.01 

317.03 

3.02 

+01 

17 

3.01 

328.83 

3.04 

+03 

18 

3.02 

328.55 

3.04 

+02 

19 

3.02 

331.02 

3.04 

+02 

20 

2.99 

347.60 

3.04 

+05 

21 

3.03 

313.69 

3.02 

-01 

22 

2.96 

354.11 

3.05 

+09 

23 

12.98 

349.24 

13.00 

+02 

24 

12.97 

336.96 

13.00 

+03 

25 

12.96 

339.70 

12.99 

+03 

26 

12.93 

328.32 

12.98 

+05 

27 

12.98 

333.05 

12.97 

-01 

28 

12.96 

334.60 

12.99 

+  03 

29 

12.96 

334.20 

12.98 

+  02 

30 

12.96 

335.75 

12.98 

+02 

31 

12.97 

333.30 

12.98 

+01 

32 

12.95 

341.03 

12 . 98 

+  03 

33 

12.96 

320.50 

12.96 

0 

34 

12.94 

333.81 

12.98 

+  04 

35 

12.92 

334.73 

12.96 

+  04 

36 

12.88 

321.21 

12 . 94 

+06 

37 

12.87 

334.60 

12.93 

+06 

38 

12.84 

291.39 

12.90 

+  06 

39 

12.89 

321.13 

12.94 

+05 

40 

34.86 

399.43 

35.03 

+  17 

41 

34.84 

364.48 

34 . 92 

+08 

42 

34.86 

320.16 

34 . 88 

+  02 

43 

34.86 

245.78 

34 . 87 

+01 

44 

34.81 

303.82 

34 . 89 

+  08 

The 

above  data 

was  taken 

at  an 

El 


Slave  Encoder 


Start 

Angle 

Return 

Error 

2.91 

321.04 

2.97 

+06 

2.98 

329.95 

2.96 

-02 

2.95 

322.88 

2.99 

+04 

2.99 

345.06 

3.01 

+02 

2.93 

334.90 

3.02 

+09 

2.94 

323.83 

2.99 

+05 

2.98 

339.97 

2.98 

0 

2.96 

323.17 

3.00 

+  04 

2.95 

322.47 

2.99 

+  04 

3.03 

323.93 

3.03 

0 

3.02 

349.06 

3.07 

+  05 

2.99 

341.23 

3.03 

+04  | 

2.98 

340.90 

3.02 

+04 

2.97 

327.12 

3.01 

+  04  : 

3.00 

315.13 

2.99 

-01 

3.01 

317.47 

3.02 

+01 

3.01 

329.32 

3.04 

+03 

3.02 

328.97 

3.03 

+01 

3.02 

331.52 

3.05 

+03 

2.98 

348.00 

3.05 

+07 

3.04 

314.00 

3.03 

-01 

2.96 

354.45 

3.07 

+  11 

12.98 

349.74 

13.01 

+  03 

12.97 

337.46 

13.00 

+03 

12.96 

340.08 

12.99 

+03 

12.94 

328.71 

12.98 

+  04 

12.98 

333.54 

12.98 

0 

12.97 

335.04 

12.99 

+02 

12.97 

334.56 

12.99 

+02 

12.97 

336.12 

12.99 

+02 

12.98 

333.73 

13.00 

+02 

12.97 

341 . 58 

13.00 

+03 

12.97 

320.96 

12.98 

+01 

12.95 

334.19 

12.99 

+04 

12.94 

335.28 

12.97 

+03 

12 . 90 

321.66 

12.96 

+06 

12.89 

335.10 

12.95 

+06 

12.86 

291 . 82 

12.92 

+06 

12.94 

321.17 

12.98 

+04 

34 . 93 

400.00 

35.11 

+  18 

34.90 

365.00 

34.98 

+08 

34 . 91 

320.73 

34 . 93 

+02 

34.92 

246.29 

34.92 

0 

34 . 85 

304.38 

34.95 

+  10 

update  rate  of  25  kHz. 


